The learning and forgetting behavior of AlN thin film with O 2 annealing effect memristor had been investigated in this study. Such synaptic behavior could be observed after AlN thin film executed O 2 annealing process. The oxygen-induced AlN thin film exhibited memristive effect in resistance with positive and negative current-voltage (I-V) measurement loops which had never been observed in AlN thin film without annealing effect. The O 2 annealing process could decrease the number of oxygen vacancies (V + o ) in interface between top electrode and active layer. A typical I-V measurement is shown in this study. If continuous positive voltage pulses applied, the device conductance would increase gradually which is called learning behavior of device. If negative voltage pulse applied, the device conductance would decrease gradually which is called forgetting behavior of device. The memristor conductance was thought to be closely associated with synaptic weights, the strength of synaptic connections. The learning and forgetting behavior of memristor is corresponding to LTP and LTD process in synaptic system. The ion diffusion played an important role in memristive properties which could form one or more local conductive filaments (CFs) in active layer. If the paths were gradually formed or broke, this would cause the memristor conductance changed gradually with measured voltage. The retention time and memristor conductance should depend on stimuli pulse shape, number and interval time.
I. INTRODUCTION
Owing to the smaller cell size, faster response, higher endurance, non-volatile characteristics and continuous conductance change property, the memristor is considered as one of the most desirable devices for neuromorphic systems at the current stage [1] - [6] . The key functional components of the biological brain are called synapse. As for a two-terminal element, a common similarity between a synapse and memristor is their specific nonlinear dynamic characteristic. Nowadays, oxide-based resistive switching thin film like NiO, TiO 2 and HfO x are thought to be the suitable active layer for memristor device [7] - [13] . However, there should be more potential materials need to develop, in order to meet memristor different applications. Known as an important high dielectric constant (high-k) and wide band gap material, the electrical and switching property of AlN-based thin film device had The associate editor coordinating the review of this manuscript and approving it for publication was Shuping He . been frequently reported in some papers [14] - [18] . The AlN thin film based RRAM device was found to exhibit bipolar resistance switching at I-V measurement which is due to the connect and broke of CFs through active layer [19] - [22] . Even the switching properties of AlN thin film had been reported many times, the synaptic behavior is rarely publicized. Synapse device attracted more concern as it could simulate synaptic behavior with high operation speed and on-off ration. The multi-storage and 3D structure of synapse device had been reported as while [23] - [26] . In this study, we observed gradual conductance change in O 2 annealing AlN thin film based memristor which had never been published before. In other words, the AlN thin film with annealing effect memristor could be important synapse device which is totally integrated with current CMOS technology. Compared with original AlN thin film, the O 2 annealing process will make the oxygen vacancy (V + o ) content decreased even disappeared in interface between AlN layer and top electrode [27] . That means additional high dielectric AlO x N y thin film will be formed after annealing process and form bilayer structure finally as shown in Figure 1 (a). According to the results, this additional AlO x N y is the key for our device to exhibit synaptic behavior. However, in most memristor, oxygen vacancy could be treated as Al + which is easy to bond with oxygen ions during measurement. But in this study, AlO x N y should contain plenty of aluminum vacancies (V Al − ) not oxygen vacancies, where V Al − is quite important as electrons or ions could diffuse in active region at positive/negative E-field with its help. The effects of vacancy on device synaptic behavior are also investigated in some papers [28] - [30] . Such gradually changed conductance is the key point to make AlN thin film with O 2 annealing effect to be candidate of memristor. Synaptic learning and forgetting behavior are clarified in continues positive and negative voltage pulse measurement respectively. As number of positive stimulated pulses applied, the conductance will increase from initial state to a higher state. Otherwise, the conductance will decrease if negative pulses are applied. The conductance of memristor is considered similar as weight of synapse. The conductance and retention time are both depend on stimulated pulse shape, number and interval time as while.
II. EXPERIEMNT
A 500 nm Aluminum film was first deposited on a p-Si (100) substrate by electron-beam evaporation as the bottom electrode of RAMM device. Then an Al-rich AlN dielectric thin film with the thickness of ∼20 nm were grown onto the Al layer by RF magnetron sputtering of high-purity (99.99%) aluminum target with the ratio of gas flow rate of Ar:N 2 fixed at 45:15 and the base pressure of around 6×10 −3 mbar. The deposition was executed immediately after bottom Al electrode finished to avoid additional oxygen ions react with Al. During the sputtering, it was inevitable to introduce certain amount of oxygen into the dielectric film due to the existence of residual oxygen in the sputtering chamber. The substrate temperature during sputtering was maintained at room temperature and the RF power was fixed at 150W. After sputtering, O 2 annealing was executed at 200 • C about 2 minutes. Finally, a circular Ag top electrode with 200um diameter and 300 nm thickness was deposited on AlN layer by E-beam method. Electrical measurements were conducted on the metal-insulator-metal (MIM) structures with Keithley 4200 semiconductor characterization system at room temperature.
III. DISSCUSIONA A. XPS RESULTS
The device structures with and without O 2 annealing effect are shown in Figure 1 (a). Compare these two device structures, only annealing sample has thin AlO x N y layer between AlN film and top electrode Ag. It is due to the oxygen in annealing process will react with Al + on AlN film surface to create this additional AlO x N y layer. Without annealing process, there is not plenty of oxygen ions to react with Al + and the bulk film is AlN [15] , [16] . This could be proved by XPS results. The XPS results are used to analyze the different components in these two devices. Figure 1 (b) shows the XPS spectra of sample without annealing effect. The peak decomposition of Al core level indicates the film mainly include Al and AlN two items. Only a little Al 2 O 3 content is detected as the inevitable residual oxygen in sputtering process. Such little residual oxygen ions could not react with Al + to form Al 2 O 3 layer in this case which could be ignored. However, sample with annealing effect will show higher value of Al 2 O 3 content as shown in Figure 1 (c), which indicates that more Al ions are bonded with oxygen ions. It means the number of oxygen vacancy on AlN surface may decrease as while [28] . Figure 1 (d) exhibit the O 1s XPS spectra of AlN films with and without annealing effect. Deconvolution of the spectra reveals the simultaneous existence of two peaks near 531 eV for lattice oxygen (O I ) and 532.4 eV for non-lattice oxygen (O II ) [27] , [31] .
Compared these two curves, the O 1s core level peak will shift to low BE direction with annealing effect, which indicates that the sample will have higher lattice oxygen intensities and lower non-lattice oxygen intensities. That means more oxygen vacancies will be bond with oxygen ion after annealing process. In this study, we fabricated samples with different annealing time at 30 sec, 1 minute and 2 minutes, followed by XPS measurements respectively. The oxygen vacancy content could be evaluated by the ratio of the O 1s core level peak areas as O II /(O I +O II ) for each sample [32] - [34] . Figure 2 plots the dependence of oxygen vacancy content and initial resistance as a function of the annealing time. According to this figure, the oxygen vacancy content is 18.4% for the AlN prepared without annealing effect. When the annealing time are 30 sec, 1 minute and 2 minutes, the corresponding oxygen vacancy content equal to 15.7%, 13.1% and 12.4% respectively. Oxygen vacancy content will decrease if annealing time increase which had been proved in previous section. Oxygen vacancies are VOLUME 7, 2019 FIGURE 2. The dpendence of oxygen vacancy content and initial resistance as a function of annealing time. Oxygen vacancy content will decrease with increased annealing time which will cause initial conductance decrease as while. actually electron donors in oxide semiconductors which is quite reactive with oxygen ions [32] . Figure 2 also shows the dependence of memristor initial resistance on annealing time. The device initial resistance will increase when annealing time increased. It is because O 2 annealing process can compensate for oxygen vacancies in the AlN/Ag interface and lead to a lower oxygen vacancy content as well as a lower initial conduction current. In this way, AlN thin film with longer O 2 annealing time will have relatively low conductance as the O 2 will eliminate oxygen vacancies which will make conductance decreased. It is consistent with our previous discussions.
B. I-V MEASUREMENT
The gradually changed conductance of our device only could be observed after the forming process with forming voltage 8 V. The current level will increase from 10 −10 A to 10 −8 A at measured voltage 0.03 V. The forming process is required to trigger device synaptic behavior [33] - [35] . The inset of Figure 3 shows the I-V measurement from 0 V to 0.7 V of MIM structured device based on AlN thin film without annealing effect. The initial conductance is high as it is Al-rich thin film. There is insignificant resistance switching could be observed in this original AlN layer but not synaptic behavior exhibited. However, the optimized device will show gradually changed I-V characteristics as shown in Figure 3 , the repeated forward and backward voltage sweep from 0 V to 2.2 V and then sweep from 0 V to −2.2 V by ten times. The interval between the forward and backward sweeping cycles is set to 10 s. The conductance of the device increases gradually after each positive sweeping cycle. That means the Ag + from top electrode could move and accumulated in the AlO x N y layer with the help of V − Al , which will make film conductance increase gradually with positive biasing voltage. At the meanwhile, negative biasing measurement from 0 V to −2.2 V is continuously executed one same device as shown in Figure 3 . The conductance will decrease gradually in negative forward and backward biasing. It indicates that Ag + will move out from active layer in negative biasing which will make CFs region reduced and conductance decreased at the meanwhile. Based on this result, AlN memristor device with annealing effect could be one candidate of simulated synaptic function devices. Therefore, synaptic learning and forgetting behaviors in this memristor are both due to the ions diffusion.
The synapse learning behaviors in oxygen-induced Ag/AlN/Al memristor device need more clarification in following section. As shown in Figure 4(a) , the key functional component of the biological brain is called synapse composed by neurons. In one synapse, it includes one pre-neuron and one post-neuron at least. The information transmission may depend on the weigh between these two neighbor neurons. Stimulation (number of voltage pulses) to the pre-neuron can cause excitatory post synaptic potential (EPSP) on the postneuron. Before the stimulation applied, the weight of synapse is quite low which is defined as initial state. After enough number of voltage pulses, the synapse may move to a stable LTP state with high potentiation. When there is strong EPSP cased in synapse, it is more like filament formed through memristor active layer. In this work, the conductance of memristor is analogous to transmission efficacy as EPSP or called weight of synapse. In this way, the conductance change in memristor is extremely in line with the information transmission of synapse in biological system. The corresponding device structure and mechanism are shown in Figure 4 (b). To simulate synapse function, seven stimulated pulses with 2.5 V in height and 5 ms in width were applied to the device. The conductance of the device after each pulse was measure at 0.03 V with interval 0.1 s. In this study, the conductance was normalized to the measured conductance (G) and initial conductance (G 0 ). The value of LTP should be equal to G/G 0 . The conductance will enhance after each stimulated voltage pulse and decrease a little in following 0.03V pulse measurement as shown in Figure 4 (c) and (d). It conclude our device conductance exhibit gradually increase with number of pulse, which is basic function of synapse as mentioned before. However, more measurements should be executed to The synapse structure at initial state and LTP state. The LTP state will cause large EPSP; b) the corresponding device structure at initial state and LTP state. CFs formed in LTP state; c) and d) the MEMRISTOR conductance will increase with pulse applied simultaneously; e) PPF property; f) Increase the number of applied pulse will make MEMRISTOR conductance increase from initial state to STP state and reach to stable LTP state finally. prove this. The pair-pulse facilitation (PPF) is an important phenomenon in neuroscience. The PPF property of our device is shown in Figure 4 (e). The current is measured at 0.03 V, which will increase as pulse number increased. In Figure 4 (f), 200 continued pulses with 2.5 V in height and 5 ms in width were applied to the device and the conductance was measured at 0.03 V. The device will shift from initial state to STP state and reach to stable LTP state finally. In biological system, STP is an intermediate memory stage which will last for several seconds or minutes. STP can change to LTP through the process of repeated impressions involving many biological changes. Synaptic LTP, which can last from hours to weeks or even to years, is a long-retention enhancement in signal transmission between two neurons. The signal is from repeated stimulation to pre-synapse [36] - [39] . As discussed below, the resistive switching device based on oxygen-induced Ag/AlN/Al thin film shows a phenomenon similar to the STP-LTP transition in biological systems [40] . In the STP stage (the 1 st − 10 th pulses), the conductance ratio G/G 0 of the device was increased from 1 to ∼10. However the conductance of STP state may decrease to initial state after several minutes. This is similar to the rapid improvement of memorization through an impression for human brain. During the interval, the conductance was decreased similar to memory loss of the brain that occurs immediately after the impression. On the other hand, a stable conductance state with G/G 0 ratio higher than one order can be observed after 10 impressions which are corresponding to LTP state. The situation is similar to the memory improvement of the brain through impressions of high repetition rate with long time memorized state. The ion diffusion is quite often used to explain conductance change in memristor [40] - [42] . For our device, Ag + diffused in the AlO x N y layer with the help V − Al could explain this synaptic phenomenon. Under positive biasing, Ag + will diffuse from top electrode to AlN thin film which will increase the film conductance gradually. It is more like a CFs grow up and connect top Ag electrode and AlN layer. Such gradually increased conductance is similar to LTP in synaptic system.
In conclude, the conductance of device changes with the number of positive voltage pulses is similar to the evolution from the un-memorized state to the STP and LTP states in the human brain caused by impression events. Here, the conductance state of the device represents a memory state, while the voltage pulses can be used to simulate the impression events. As the conductance of the device continuously changes with the number of voltage pulses, the device can be used to realize the memorization function of the human brain, i.e., the memorization can be changed from the un-memorized state to the STP and LTP states by consecutive impression events. On the other hand, if negative biasing applied, the Ag + will move out from AlO x N y layer, the CFs break or diffusion region shrink in this case. It will cause the device conductance decrease gradually which is more like LTD process in synaptic system. By stimulating the device with negative pulses, the CFs will reduce and broke, which is resulted in the decreased of conductance.
In the following section, it shows that the forgetting behavior in memristor is quite similar to memory loss in biological systems. As mentioned before, the LTP state can last from several hours even to years, which all depend on the diffusion region in active layer. Figure 5 (a) display forgetting mechanisms of memristor device that is the formed CFs could dissolve when opposite voltage biasing applied. It will cause ions diffused in opposite direction. As shown in Figure 5 (b) and (c), after stimulation the magnitude of LTP (G/G 0 ) was increased to 12, and then spontaneously decayed to 4.2 if continues negative pulses with −2 V in height and 5 ms in width applied. Kohlrausch law is used to describe the decay behavior of LTP in the memristor [38] :
where t is the time after stimulation; τ is the time constant of decay; β is an index ranging from 0 to 1 and LTP 0 is the prefactor. The fitting in Figure 5 (c) indicates that the decay of LTP can be well described by Eq. (1). The fitting yields LTP 0 = 4.48, τ = 43.7 minutes and β = 0.16 respectively. From this fitting, one expects an abrupt drop when t < τ , followed by a much slower decay when t τ . It is more like ''a rapid initial decline is usually followed by a long slow decay'' in human memory indeed. To further demonstrate the resemblance between the retention of memristor and that of the human memory, we did the following test. The memory stored in human brain is related to how strong of the impression is. In the same way, the memristor LTP will also change depends on the stimulation parameters including number of pulses, pulse height, width and interval. The dependence of retention time on number of pulse is shown in Figure 6 (a).The pulse height and widths are fixed to 2.5 V and 5 ms respectively. After applied 7000 pulses to memristor, the retention time can reach to ∼42 days and LTP will increase as while. Large number of pulse applied is more like very strong impression learning by human brain. The retention time exhibits rapid increase with the number of pulses less than 100 and then it increases slowly with number of pulses more than 2000. Figure 6 (b) exhibits the dependence of retention time and conductance on pulse height. As shown in this figure, the retention time will increase a lot if pulse height increase beyond 2 V. The LTP will increase to 100 if higher voltage pulse applied beyond 7 V. However, the applied pulse voltage should have extreme value to avoid device breakdown which is relate to memristor design. Figure 6 (c) exhibits the dependence of retention time and LTP on pulse width. The retention time shows increase from ∼0.2 min to ∼40 min and LTP increase from 3 to 15 if pulse width increases from 5 ms to 500 ms. Such enhancement is not obvious as in increasing voltage height. That means our memristor should be more sensitive to pulse height than pulse width. The dependence of retention time and LTP on pulse interval is shown in Figure 6 (d) . As pulse rate decrease, both retention time and LTP decrease. The conductance change may go to the saturation mode in most measurements which should be avoided in future applications. The reason could be explained as following. If another identical stimulus applied shortly after this stimulus, the response of the synapse will enhance. Otherwise, if no stimulus applied in short time, the residual Ca 2+ will decay to initial state which will cause retention time decrease [42] . In the same situation, if many stimuli follow closely one after another, synaptic transmission will progressively grow with the increasing pulse height, width and number. These results again verify the feasibility of using memristor to emulate memory transitions for synaptic system.
IV. CONCLUSION
Ag/AlN/Al structure based memristor with O 2 annealing effect showed synaptic behavior which had not been observed in Ag/AlN/Al memristor without O 2 annealing effect before. It might due to the Ag + diffuse in active layer with the help of V − Al . The optimized device showed typical learning (LTP) and forgetting (LTD) behavior by opposite pulse applied. If stronger and more numbers of pulse applied, the memristor conductance (equal to synapse weight) could last for a very long time, which is quite similar to biological synapse system after strong simulation.
